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Crespi, 1966). We use mass production of deuterated algae as an
inexpensive source of deuterated metabolites. This approach,
described in more detail in its application to studying the catalytic
mechanism of haloalkane dehalogenase from Xanthobacter autro-
phicus by Liu et al. (2007) and schematically illustrated in Fig. 3, is
exploited at the biological deuteration laboratory (BDL) in order to
provide a facility for expressing large quantities of perdeuterated
proteins.
Perdeuteration at the BDL is free to PCS users and many proteins

have been perdeuterated to date. This inexpensive and efficient
approach is being combined with robotic overexpression to produce a
series of apo, binary and ternary complexes in mechanistic and drug
design studies of E. coli and Bacillus anthracis DHFR (Langan &
Dealwis, 2006). In addition, at the National Stable Isotope Production
Facility (NSIPF), we have developed methods for the synthesis of
specifically deuterated amino acids based on the Oppolzer chiral
glycine template.

4. Advances in computational tools

Most biologists who use the PCS are not experienced in NC and for
structure refinement rely on adapting programs used in XC. This
approach can be time-consuming and complicated and is never
completely satisfactory because there are fundamental differences
between the way neutrons and X-rays are scattered. With the
increasing number of NC structures and their increasing size and
complexity this situation is untenable, and we have therefore estab-
lished the MNC consortium to develop computational tools that are
fully accessible to the growing community of occasional and non-
expert NC users (these tools are free and can be downloaded from
the MNC website at http://mnc.lanl.gov). A first goal is to make
software available quickly, to meet the immediate needs of the MNC
community. A patch, designated nCNS, for the existing structure
solution program called CNS (Brünger et al., 1998) has been devel-
oped. This allows joint X-ray and neutron refinement with the use of
cross-validated maximum-likelihood refinement targets and simu-
lated annealing optimization (Langan & Mustyakimov, 2007). nCNS
has already been used to determine the joint XN structures of PYP
(Fisher et al., 2007) and DFPase (Blum et al., 2007).
In addition, we have added NC capabilities to PHENIX (Adams et

al., 2004). The software phenix.refine (Afonine et al., 2005a) offers a
broad variety of efficient and fully automated tools for structure

refinement using XC, NC or both, such as restrained refinement
at low resolution, simulated annealing and TLS modelling using
maximum-likelihood targets, automatic detection and use of NCS,
automatic detection and use of twinning information, sophisticated
bulk-solvent correction and anisotropic scaling protocols (Afonine et
al., 2005b), efficient handling of H atoms, and proper refinement at
ultrahigh resolution. phenix.refine has been used to determine the
joint XN structure of aldose reductase, an NADPH-dependent
enzyme that reduces a wide range of substrates, such as aldehydes,
aldoses and corticosteroids (Afonine et al., 2007).

5. Conclusions

The studies of DFPase (Blum et al., 2007), DHFR (Bennett et al.,
2006), XI (Katz et al., 2006) and PYP (Fisher et al., 2007) highlighted
here, as well as additional studies of amicyanin (Sukumar et al., 2005),
nucleic acids (Langan et al., 2006), endothiapepsin cocrystallized
with a gem-diol inhibitor (Tuan et al., 2007), and human deoxy-
haemaglobin (Kovalevskyi et al., 2008) reported elsewhere, demon-
strate how spallation neutrons are being used to greatly advance our
understanding of biomacromolecular structure and function. The
proteins being studied on the PCS are becoming larger and more
complex and the required sample sizes are becoming smaller. A
number of technological and methodological advances are being
made by MNC consortia centered at the PCS, particularly in the
development of deuteration and computation tools. A key feature of
the computational tools being developed is the ability to refine joint
XN structures, an approach originally developed for proteins by
Wlodawer & Hendrickson (1982).

The PCS is funded by the Office of Biological and Environmental
Research of the Department of Energy. MM, PA, PDA and PL were
supported by an NIH–NIGMS-funded consortium (1R01GM071939-
01) between Los Alamos and Lawrence Berkeley National Labora-
tories to develop computational tools for neutron protein crystal-
lography. AK, ASV, BB, CD and PL were supported by a Los Alamos
National Laboratory LDRD grant (20070131ER).
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Figure 3
A schematic representation of the process used for perdeuterating proteins at the
BDL at Los Alamos National Laboratory (LANL). A bacterial culture medium,
which we designate Altone, is made from the hydrolyzate of algae (e.g.
Scenedesmus obliquus) grown in D2O and used for protein expression in E. coli.
Steps represented by framed boxes can be performed robotically at LANL. Steps
represented by shaded boxes can be performed either at LANL or the user’s home
laboratory.
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The Protein Crystallography Station at Los Alamos Neutron Science Center is
a high-performance beamline that forms the core of a capability for neutron
macromolecular structure and function determination. This capability also
includes the Macromolecular Neutron Crystallography (MNC) consortium
between Los Alamos (LANL) and Lawrence Berkeley National Laboratories
for developing computational tools for neutron protein crystallography, a
biological deuteration laboratory, the National Stable Isotope Production
Facility, and an MNC drug design consortium between LANL and Case Western
Reserve University.

Keywords: neutrons; proteins; macromolecular crystallography; deuteration; enzyme
mechanisms; drug binding; hydration; joint XN structure refinement.

1. Introduction

Neutron crystallography (NC) is a powerful technique for locating
H atoms and protons, and can be used to complement X-ray crys-
tallography (XC) with unique information about how biological
macromolecules function and interact with each other and smaller
molecules (Niimura et al., 2006). NC can also provide detailed
information on the hydration of biomacromolecules, including the
exact orientation and coordination of water molecules. In addition to
providing structural information, NC can be used to identify H atoms
that can be exchanged with deuterium and the extent of this
replacement, thus providing a tool for the study of protein dynamics,
complementary to NMR techniques.
The Protein Crystallography Station (PCS) is the first NC beamline

to be built at a spallation source (Langan et al., 2004). Neutrons are
produced from a coupled high-flux water moderator (Schoenborn et
al., 1999), in pulses at a rate of 20 Hz, and then travel 28 m down a
vacuum pipe with collimation inserts tapering the beam to a final
divergence, at the sample position, of 0.12!. The time and energy
structure of the beam, and also its relatively small divergence, allow
data to be collected efficiently and with enhanced signal-to-noise with
time-of-flight (wavelength-resolved) Laue techniques (Langan &
Greene, 2004). The data are recorded as three-dimensional time-of-
flight Laue patterns on a large position-sensitive electronic detector
with a spatial resolution of less than a millimetre (Mahler et al., 1998).
The PCS is run as a user facility with open access to beam time,
protein deuteration, expression and robotic crystallization facilities,
the synthesis of substrates with stable isotopes, structure refinement
software, and support for data reduction and structure analysis. In

this paper we illustrate the capabilities of the PCS for determining
protein structures by spallation neutron crystallography, and we
describe the methodological and technological advances that are
emerging from the Macromolecular Neutron Crystallography (MNC)
consortium.

2. Recent highlights from the PCS user program

Diisopropyl fluorophosphatase (DFPase) is a calcium-dependent
phosphotriesterase with potential as a candidate for enzymatic
decontamination of nerve-agent stocks. Proposed reaction mechan-
isms include esterase hydrolysis by nucleophilic attack on the P atom
of the bound substrate by an activated water molecule. The water is
activated by proton abstraction by either a basic histidine or the
catalytic calcium. These ideas have recently been challenged. In
particular, the work of Blum et al. (2006) suggests that the substrate
forms a covalent intermediate with the carboxylate group of an
aspartic acid and that it is the carboxylate C atom that is then
attacked by water. In order to obtain more evidence for this new
mechanism, Blum et al. (2007) have determined the holoenzyme
structure through joint X-ray (1.8 Å) and neutron (2.2 Å) (XN)
refinement. The catalytic calcium coordinates a key solvent molecule
(W33) that is identified as a water molecule, as required for the new
proposal, and not as a hydroxy ion, as required in previous proposals.
In addition, the key aspartic acid (Asp229) is clearly deprotonated, as
required for the new proposal, and not protonated, as expected in
previous proposals (Fig. 1).

Dihydrofolate reductase (DHFR) is an enzyme conserved across
species that is essential for most biosynthetic pathways involving one-
C-atom transfer reactions, and has become an important chemo-‡ Present address: Oak Ridge National Laboratory, TN 3781, USA.

Crespi, 1966). We use mass production of deuterated algae as an
inexpensive source of deuterated metabolites. This approach,
described in more detail in its application to studying the catalytic
mechanism of haloalkane dehalogenase from Xanthobacter autro-
phicus by Liu et al. (2007) and schematically illustrated in Fig. 3, is
exploited at the biological deuteration laboratory (BDL) in order to
provide a facility for expressing large quantities of perdeuterated
proteins.
Perdeuteration at the BDL is free to PCS users and many proteins

have been perdeuterated to date. This inexpensive and efficient
approach is being combined with robotic overexpression to produce a
series of apo, binary and ternary complexes in mechanistic and drug
design studies of E. coli and Bacillus anthracis DHFR (Langan &
Dealwis, 2006). In addition, at the National Stable Isotope Production
Facility (NSIPF), we have developed methods for the synthesis of
specifically deuterated amino acids based on the Oppolzer chiral
glycine template.

4. Advances in computational tools

Most biologists who use the PCS are not experienced in NC and for
structure refinement rely on adapting programs used in XC. This
approach can be time-consuming and complicated and is never
completely satisfactory because there are fundamental differences
between the way neutrons and X-rays are scattered. With the
increasing number of NC structures and their increasing size and
complexity this situation is untenable, and we have therefore estab-
lished the MNC consortium to develop computational tools that are
fully accessible to the growing community of occasional and non-
expert NC users (these tools are free and can be downloaded from
the MNC website at http://mnc.lanl.gov). A first goal is to make
software available quickly, to meet the immediate needs of the MNC
community. A patch, designated nCNS, for the existing structure
solution program called CNS (Brünger et al., 1998) has been devel-
oped. This allows joint X-ray and neutron refinement with the use of
cross-validated maximum-likelihood refinement targets and simu-
lated annealing optimization (Langan & Mustyakimov, 2007). nCNS
has already been used to determine the joint XN structures of PYP
(Fisher et al., 2007) and DFPase (Blum et al., 2007).
In addition, we have added NC capabilities to PHENIX (Adams et

al., 2004). The software phenix.refine (Afonine et al., 2005a) offers a
broad variety of efficient and fully automated tools for structure

refinement using XC, NC or both, such as restrained refinement
at low resolution, simulated annealing and TLS modelling using
maximum-likelihood targets, automatic detection and use of NCS,
automatic detection and use of twinning information, sophisticated
bulk-solvent correction and anisotropic scaling protocols (Afonine et
al., 2005b), efficient handling of H atoms, and proper refinement at
ultrahigh resolution. phenix.refine has been used to determine the
joint XN structure of aldose reductase, an NADPH-dependent
enzyme that reduces a wide range of substrates, such as aldehydes,
aldoses and corticosteroids (Afonine et al., 2007).

5. Conclusions

The studies of DFPase (Blum et al., 2007), DHFR (Bennett et al.,
2006), XI (Katz et al., 2006) and PYP (Fisher et al., 2007) highlighted
here, as well as additional studies of amicyanin (Sukumar et al., 2005),
nucleic acids (Langan et al., 2006), endothiapepsin cocrystallized
with a gem-diol inhibitor (Tuan et al., 2007), and human deoxy-
haemaglobin (Kovalevskyi et al., 2008) reported elsewhere, demon-
strate how spallation neutrons are being used to greatly advance our
understanding of biomacromolecular structure and function. The
proteins being studied on the PCS are becoming larger and more
complex and the required sample sizes are becoming smaller. A
number of technological and methodological advances are being
made by MNC consortia centered at the PCS, particularly in the
development of deuteration and computation tools. A key feature of
the computational tools being developed is the ability to refine joint
XN structures, an approach originally developed for proteins by
Wlodawer & Hendrickson (1982).

The PCS is funded by the Office of Biological and Environmental
Research of the Department of Energy. MM, PA, PDA and PL were
supported by an NIH–NIGMS-funded consortium (1R01GM071939-
01) between Los Alamos and Lawrence Berkeley National Labora-
tories to develop computational tools for neutron protein crystal-
lography. AK, ASV, BB, CD and PL were supported by a Los Alamos
National Laboratory LDRD grant (20070131ER).
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Figure 3
A schematic representation of the process used for perdeuterating proteins at the
BDL at Los Alamos National Laboratory (LANL). A bacterial culture medium,
which we designate Altone, is made from the hydrolyzate of algae (e.g.
Scenedesmus obliquus) grown in D2O and used for protein expression in E. coli.
Steps represented by framed boxes can be performed robotically at LANL. Steps
represented by shaded boxes can be performed either at LANL or the user’s home
laboratory.
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Xylanase P212121 1.8 88 7 15 --- Kovalevsky et al., 2011 
Z-DNA P212121 1.4 - - - 3QBA Fenn et al., 2011 
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hydrogen bonding to Asp257 of Lys289’s ND3
+ group is

unchanged in the linear substrate and linear product structures
(Figure 6).On theother hand, thecatalyticwaterD2O

cat hasclearly
lost a proton and has therefore become an OD! in XI-Mg-Pro-
duct_n.OD! hasa symmetric bifurcatedH-bondwith carboxylate
of Asp257 (O.Odistancesof 3.0 Å) anda strongC-H.Ocontact
of 2.6 Å, with the CD2 methylene group at C1 in xylulose.

DISCUSSION

Sugar Binding
The XI active site in XI-Co_n contains 7 water moleculesW2,W3,
W4, W5, W6, W7, and D2O

cat (Figure 3A). In XI-Cd-CyclicSu-
gar_n, the O3, O4, and O5 atoms of the substrate occupy the
same locations as W2, W3, and W5 in XI-Co_n and, to a certain
extent, replace their bonding functionalities. W2, W3, and W5
can be thought of as forming a template for the cyclic substrate
to bind to in XI-Co_n. In XI-Ni-LinearSugar_n, the O1 atom
occupies the same location as W4. Furthermore, the O2, O3,
and O4 atoms occupy the same locations as W2, W6, and W3,
respectively. W2, W3, W4, W5, and W6 in XI-Co_n can therefore
be thought of as forming a template for the linear substrate.
It has been established that XI is highly stereospecific for the

a-pyranose and a-fructofuranose anomers of glucose, xylose,
fructose, and xylulose (Asboth and Naray-Szabo, 2000; Schray
and Rose, 1971; Bock et al., 1983; Collyer et al., 1992) and
that the reactive substrate is the cyclic form of the sugar (Carrell
et al., 1989; Collyer et al., 1990; Whitlow et al., 1991; Blow et al.,
1992). Site-directed mutagenesis of the residues coordinating
the metal cations has provided evidence for the role of M1 in
correctly positioning the substrate in the active site (Allen et al.,

1994a; Jenkins et al., 1992; Cha et al., 1994). However, in XI-
Co_n there is a structured water template for binding both the
cyclic and the linear forms of the substrate, suggesting that
water structure may play some role in both positioning the cyclic
substrate and in facilitating its opening.

Ring Opening
In all four structures, XI-Co_n, XI-Cd-CyclicSugar_n, XI-Ni-Line-
arSugar_n, and XI-Mg-Product_n, His54 is doubly protonated on
N, with the D on Nd1 hydrogen bonded to the deprotonated
carboxylate group of Asp57. The His54-Asp57 pair donates
a D in a hydrogen bond to W5 in XI-Co_n. W5 is displaced
upon binding of the cyclic sugar in XI-Cd-CyclicSugar_n, with
the O5 ring oxygen accepting a D in a hydrogen bond with N32
of the His54-Asp57 pair. When the linear substrate is bound
in XI-Ni-LinearSugar_n O5 is deprotonated, as in XI-Mg-Pro-
duct_n, and therefore negatively charged. It also accepts a D
in a hydrogen bond with N32 of the His54-Asp57 pair. The motif
is similar to the Asp-His-Ser motif in the serine proteases
(Kossiakoff and Spencer, 1980).
These observations lead to modifications of previous

proposals (Collyer et al., 1990; Whitlow et al., 1991; Allen et al.,
1994b; Lee et al., 1990; Whitaker et al., 1995) for ring opening
that suggest that His54 may act as an acid-base catalyst
donating H+ to the sugar-ring O5 to promote ring opening. In
a slightly different mechanism put forward by Fenn, Ringe, and
Petsko (Fenn et al., 2004), Asp57 abstracts a proton from awater
molecule and passes it over to the Nd1 atom of His54, already
protonated at N32. The initially neutral His54 thus becomes
charged (doubly protonated) and then functions in concert with
the hydroxyl anion produced by Asp57 to donate a proton to

Figure 3. Cyclic Glucose Substrate Binding
in XI-Cd_CyclicSugar_n and Comparison
with XI-Co_n
Metal coordination to D2O

cat and cyclic glucose is

indicated by blue dotted lines; hydrogen bonds

are shown as orange dashed lines and the O.D

distances are in Å.

(A) Superpositions of water structures in XI-Cd-

CyclicSugar_n (colored by atom type) and XI-

Co_n (colored magenta) complexes.

(B) Superposition of selected active-site residues

and water molecules in XI-Cd-CyclicSugar_n

(atom-type colored sticks and violet spheres for

Cd(II) cations) and XI-Co_n (dark green sticks).

Neutron scattering density shown for XI-Cd-Cy-

clicSugar_n is contoured at 1.6s level. His54 and

Lys183 are protonated, while Lys289 is neutral in

both structures. One of the two distinct conforma-

tions of Lys289’s side chain is shown for XI-Co_n

for clarity. Four water molecules are displaced by

the cycle of perdeuterated glucose substrate.

The catalytic water, marked D2O
cat, retains its

position and coordination to M2 in XI-Cd-Cyclic-

Sugar_n relative to XI-Co_n.

(C) 2FO-FC neutron scattering (green, contoured at

1.6s) and electron density (red, contoured at 2s

for light atoms and 10s for Cd) maps for the cyclic

perdeuterated glucose coordinated to Cd cations

in XI-Cd-CyclicSugar_n.
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SUMMARY

Conversion of aldo to keto sugars by the metalloen-
zyme D-xylose isomerase (XI) is a multistep reaction
that involves hydrogen transfer. We have determined
the structure of this enzyme by neutron diffraction in
order to locate H atoms (or their isotope D). Two
studies are presented, one of XI containing cadmium
and cyclic D-glucose (before sugar ring opening
has occurred), and the other containing nickel and
linear D-glucose (after ring opening has occurred
but before isomerization). Previously we reported
the neutron structures of ligand-free enzyme and
enzyme with bound product. The data show that
His54 is doubly protonated on the ring N in all four
structures. Lys289 is neutral before ring opening
and gains a proton after this; the catalytic metal-
bound water is deprotonated to hydroxyl during
isomerization and O5 is deprotonated. These results
lead to new suggestions as to how changes might
take place over the course of the reaction.

INTRODUCTION

Enzyme catalysis is often a multistep process that can be under-
stood at a molecular level only through a detailed characteriza-
tion of each step. Structural information from X-ray crystallo-
graphic studies of enzymes in complex with their substrates,
cofactors, inhibitors, transition state analogs, and products can
be thought of as providing static snapshots of different steps
along a reaction pathway and can lead to hypotheses about
reaction mechanisms. The enzyme D-xylose isomerase (XI) (EC
5.3.1.5) is a crucial enzyme in sugar metabolism, with important
commercial applications, notably in the production of biofuels
and soft-drink sweeteners (Bhosale et al., 1996; Hartley et al.,
2000; Chandrakant and Bisaria, 2000a, 2000b). It binds two diva-

lent metal cations and catalyzes the interconversion of the aldo
sugars D-xylose and D-glucose to the keto sugars D-xylulose
and D-fructose, respectively. The reaction (Figure 1) is a multi-
step process and is thought to involve hydrogen (H) transfer in
at least two of the stages (Asboth and Naray-Szabo, 2000).
XI from Streptomyces rubiginosus is a tetramer of identical

subunits, each with a (a/b)8 barrel fold and an active site located
at the C terminus of the b-barrel. Magnesium is the physiological
metal found at two metal binding sites in the active site, M1 and
M2, binding directly to water molecules as well as to active-site
residues. M1 binds Glu181, Glu217, Asp245, Asp287, and two
water molecules (W2 and W3); M2 binds Glu217 (shared with
M1), His220, Asp255 (bidentate), Asp257, and the catalytic water
D2O

cat. It is found that M2 has a more distorted octahedral coor-
dination polyhedron than does M1 (see Figure 2).
Since we first determined the structure of XI (Carrell et al.,

1989), many crystal structures relevant to its reaction mecha-
nism have been studied extensively by X-ray crystallography
(Fenn et al., 2004). Several mechanisms consistent with these
data have been proposed (Carrell et al., 1989; Fenn et al.,
2004; Rose et al., 1969; Collyer et al., 1990; Whitlow et al.,
1991; Allen et al., 1994a). They differ in the exact location and
mode of transfer of H at each step. Unfortunately, one limitation
of X-ray studies is the inability to determine the location of H
atoms; labile H atom positions proved difficult to locate in XI
even at the ultra-high resolution of 0.9 Å (Katz et al., 2006).
Neutron diffraction studies, on the other hand, can provide H
locations, especially if hydrogen is replaced by its isotope deute-
rium. Transferable hydrogen (attached toN orO) can be replaced
by deuterium by soaking the enzyme in D2O. Alternatively, a per-
deuterated molecule may be synthesized. We present here the
crystal structures of two complexes of XI determined by neutron
protein crystallography and representative of two stages in the
reaction catalyzed by this enzyme.
Our neutron crystallographic studies of Streptomyces rubigi-

nosus XI were initiated by the 1.8 Å neutron diffraction study
(denoted by _n in the name) of the structure of the binary
complex of the native enzyme with Co2+, designated XI-Co_n
(PDB ID: 2GVE) (Katz et al., 2006). Our aim was to address the
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take place over the course of the reaction.
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tion of each step. Structural information from X-ray crystallo-
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cofactors, inhibitors, transition state analogs, and products can
be thought of as providing static snapshots of different steps
along a reaction pathway and can lead to hypotheses about
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commercial applications, notably in the production of biofuels
and soft-drink sweeteners (Bhosale et al., 1996; Hartley et al.,
2000; Chandrakant and Bisaria, 2000a, 2000b). It binds two diva-

lent metal cations and catalyzes the interconversion of the aldo
sugars D-xylose and D-glucose to the keto sugars D-xylulose
and D-fructose, respectively. The reaction (Figure 1) is a multi-
step process and is thought to involve hydrogen (H) transfer in
at least two of the stages (Asboth and Naray-Szabo, 2000).
XI from Streptomyces rubiginosus is a tetramer of identical

subunits, each with a (a/b)8 barrel fold and an active site located
at the C terminus of the b-barrel. Magnesium is the physiological
metal found at two metal binding sites in the active site, M1 and
M2, binding directly to water molecules as well as to active-site
residues. M1 binds Glu181, Glu217, Asp245, Asp287, and two
water molecules (W2 and W3); M2 binds Glu217 (shared with
M1), His220, Asp255 (bidentate), Asp257, and the catalytic water
D2O

cat. It is found that M2 has a more distorted octahedral coor-
dination polyhedron than does M1 (see Figure 2).
Since we first determined the structure of XI (Carrell et al.,

1989), many crystal structures relevant to its reaction mecha-
nism have been studied extensively by X-ray crystallography
(Fenn et al., 2004). Several mechanisms consistent with these
data have been proposed (Carrell et al., 1989; Fenn et al.,
2004; Rose et al., 1969; Collyer et al., 1990; Whitlow et al.,
1991; Allen et al., 1994a). They differ in the exact location and
mode of transfer of H at each step. Unfortunately, one limitation
of X-ray studies is the inability to determine the location of H
atoms; labile H atom positions proved difficult to locate in XI
even at the ultra-high resolution of 0.9 Å (Katz et al., 2006).
Neutron diffraction studies, on the other hand, can provide H
locations, especially if hydrogen is replaced by its isotope deute-
rium. Transferable hydrogen (attached toN orO) can be replaced
by deuterium by soaking the enzyme in D2O. Alternatively, a per-
deuterated molecule may be synthesized. We present here the
crystal structures of two complexes of XI determined by neutron
protein crystallography and representative of two stages in the
reaction catalyzed by this enzyme.
Our neutron crystallographic studies of Streptomyces rubigi-

nosus XI were initiated by the 1.8 Å neutron diffraction study
(denoted by _n in the name) of the structure of the binary
complex of the native enzyme with Co2+, designated XI-Co_n
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reductase (DHFR):methotrexate and HIV protease:KNI-
272.13,14 While methotrexate is a widely used chemotherapy
agent, the reported neutron structure is in complex with a
bacterial DHFR homologue. Similarly, the inhibitor KNI-272
bound to HIV protease has no clinical significance as it is not a
drug currently in use. To determine the charged state and
binding mode of AZM, a single H/D exchanged crystal of
HCA II, cocrystallized with AZM, was prepared.
The room temperature (RT) time-of-flight neutron

diffraction data set was collected on a large crystal (volume
∼2 mm3) at the neutron Protein Crystallography Station at Los
Alamos National Laboratory. Neutron and X-ray diffraction
data extended to a resolution of 2.0 and 1.6 Å, respectively.
Details of sample preparation, data collection, and joint X-ray
and neutron structure refinement are described in the
Supporting Information. All data collection and model
refinement statistics are given in Table S1.
The AZM molecule was clearly observed in omit Fo−Fc

electron density maps and after placement and refinement was
found to bind in the same overall configuration, as reported
previously.11 A series of omit Fo−Fc and 2Fo−Fc nuclear density
maps reveals the positions of the two exchangeable D atoms of
AZM (Figure 2), information not obtainable from the X-ray
data alone.
Neutron diffraction gives an advantage over conventional X-

ray diffraction techniques in that even at medium resolution
(1.5−2.0 Å), it is the only direct method available for
unambiguously visualizing H (or D) atomic positions.
Neutrons scattering off atomic nuclei lead to H/D atoms
being as visible as heavier N, C, or O atoms. In contrast, X-ray
diffraction occurs from the electron cloud making it very
challenging to observe light H/D atoms with any confidence. A
systematic study by Gardberg et al. carried out on a limited set
of X-ray and neutron structures revealed a trend that at
subatomic resolution (∼1 Å), only a fraction of H atoms are
observed in electron density maps. This is in dramatic contrast
to the case for nuclear density maps where almost all H/D
atoms are observed at medium resolution.15

The joint X-ray and neutron structure refinement approach
exploits the strengths of each technique: the use of X-ray data
to refine “heavy” (non-H) atoms in proteins and complement-
ing this with neutron data to refine “light” (H/D) atoms
(Figure 2).16 Highly complementary joint X-ray and neutron
studies give very accurate and elusive details regarding H-
bonding, solvent molecule orientation, and the protonation
states of residues.17,18

The neutron structure reported here clearly shows the
charged state of AZM as well as H-bonding between HCA II
and AZM, information not obtainable from numerous high-
resolution X-ray studies (Figure 2).11,19

Omit Fo−Fc nuclear density maps calculated without the two
exchanged D atomsone each on the acetoamido and
sulfonamido groupsclearly revealed that AZM was in the
anionic form, with the negatively charged sulfonamido group
coordinated to the zinc (form 3 in Figure 1; also Figures 2 and
3).

Four H-bonded waters are displaced upon AZM binding
(waters S1−4; Figure S1).17 It was noted that these waters
serve as a chemical template for where the AZM binds, in that
the O of the waters superimpose with the N and S atoms of
AZM.

Figure 1. Ionization and pKa of AZM in water. These different charged
states represent the relevant forms that may bind HCA II under
physiological conditions. Figure was drawn with ChemDraw (Perkin-
Elmer) and adapted from Supuran and Winum, 2009.10

Figure 2. Stick representation of AZM bound to HCA II. Zinc is
shown as a magenta sphere, D atoms are in cyan (indicated by arrows),
and H atoms in white (positions calculated). The nuclear density map
is shown in yellow and is contoured at 1.5 σ, and the electron density
map is shown in blue and is contoured at 2.0 σ.

Figure 3. Stick representation of the neutron structure of the active
site of HCA II:AZM (PDB ID 4g0c). Amino acid residues and waters
are as labeled; zinc is shown as a magenta sphere; exchanged D atoms
are shown in cyan; and unexchanged H atoms in AZM are in white. H-
bonds as observed in the nuclear maps are indicated by dashed lines
with distances as indicated.
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ABSTRACT: Carbonic anhydrases (CAs) catalyze the
hydration of CO2 forming HCO3

− and a proton, an
important reaction for many physiological processes
including respiration, fluid secretion, and pH regulation.
As such, CA isoforms are prominent clinical targets for
treating various diseases. The clinically used acetazolamide
(AZM) is a sulfonamide that binds with high affinity to
human CA isoform II (HCA II). There are several X-ray
structures available of AZM bound to various CA isoforms,
but these complexes do not show the charged state of
AZM or the hydrogen atom positions of the protein and
solvent. Neutron diffraction is a useful technique for
directly observing H atoms and the mapping of H-bonding
networks that can greatly contribute to rational drug
design. To this end, the neutron structure of H/D
exchanged HCA II crystals in complex with AZM was
determined. The structure reveals the molecular details of
AZM binding and the charged state of the bound drug.
This represents the first determined neutron structure of a
clinically used drug bound to its target.

Carbonic anhydrase (CA) is a ubiquitous metalloenzyme
found in all kingdoms of life, from plants to humans,

catalyzing CO2 hydration (and bicarbonate dehydration).
Humans have 15 isoforms that are expressed in diverse tissues.
These isoforms can be cytosolic, transmembrane, or mem-
brane-bound.1 Human CA II (HCA II) is a monomeric ∼29
kDa soluble cytosolic isoform that contains zinc in the active
site. HCA II is found predominantly in red blood cells and has
the fastest catalytic turnover (106 s−1) among all the CAs
characterized to date. Most CAs use a zinc-hydroxide (Zn−
OH−) mechanism to reversibly convert CO2 to HCO3

− and a
proton, as illustrated in reactions 1 and 2:2

+ ↔ ↔ +− − −EZnOH CO EZnHCO EZnH O HCO2 3 2 3
(1)

+ ↔ +− +EZnH O B EZnOH BH2 (2)

CA inhibitors (CAIs) have been used for decades as diuretics
and antiglaucoma drugs. CAIs can be broadly classified into two
groups based on their binding mechanism: (a) binding to the
tetrahedral configuration of the Zn metal center, thus displacing
the Zn-bound solvent (e.g., sulfonamides), or (b) by forming a

trigonal-bipyramidal species through expansion of the metal
coordination geometry without displacing the Zn-bound
solvent (e.g., cyanates). The use of CAIs has now been
expanded to include treatments for convulsions, obesity, and
cancer, as well as being developed for use as diagnostic tools.3,4

In cancer, CA IX is believed to be responsible for the
acidification of the extracellular matrix (ECM) when tumors
become hypoxic.5

Due to the sequence conservation among CA isoforms in
humans, clinically used CAIs target many isoforms. It should be
noted that HCA II inhibition dominates as its expression is
widespread, and HCA II has one of the highest catalytic rates.
Most structure-based CAI designs have focused on HCA II X-
ray crystallographic studies. There are numerous crystal
structures in the Protein Data Bank (www.rcsb.pdb.org) of
CAs bound to a variety of CAIs: the sulfonamides, their
bioisosteres, small molecule anions, phenols, coumarins, and
polyamines.6,7 Sulfonamides are still of significant interest with
more than 30 derivatives being used clinically.8

The primary sequence conservation among CA isoforms
causes cross-reactivity of CAIs, and this necessitates the
development of isoform-specific drugs.4 A detailed under-
standing of the water patterns and H-bonding in the active site
provided by this neutron diffraction study gives a new avenue
for the rational structure-based drug design effort.
Acetazolamide (AZM) dissolved in water has three possible

protonation states with two associated pKa values (7.2 and 8.7)
that are relevant to physiological pH (Figure 1). It is thought
that any of these forms can bind to HCA II.9,10 There have
been no crystallographic studies to definitively observe the
charged state of AZM bound to HCA II, and it is unknown
which form dominates in the crystalline state. This is despite
the availability of very high-resolution (1.1 Å resolution) X-ray
data.11 However, results from past 15N NMR studies have
shown that it is the sulfonamido anion (Form 3 in Figure 1)
that binds to HCA II in solution.12

There is limited explicit information available about the H-
bonding interactions between enzymes and inhibitors/drugs
and the role of solvent orientations. Besides the current
neutron study of HCA II:AZM, there are only two other
reports of a similar nature: Escherichia coli dihydrofolate
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reductase (DHFR):methotrexate and HIV protease:KNI-
272.13,14 While methotrexate is a widely used chemotherapy
agent, the reported neutron structure is in complex with a
bacterial DHFR homologue. Similarly, the inhibitor KNI-272
bound to HIV protease has no clinical significance as it is not a
drug currently in use. To determine the charged state and
binding mode of AZM, a single H/D exchanged crystal of
HCA II, cocrystallized with AZM, was prepared.
The room temperature (RT) time-of-flight neutron

diffraction data set was collected on a large crystal (volume
∼2 mm3) at the neutron Protein Crystallography Station at Los
Alamos National Laboratory. Neutron and X-ray diffraction
data extended to a resolution of 2.0 and 1.6 Å, respectively.
Details of sample preparation, data collection, and joint X-ray
and neutron structure refinement are described in the
Supporting Information. All data collection and model
refinement statistics are given in Table S1.
The AZM molecule was clearly observed in omit Fo−Fc

electron density maps and after placement and refinement was
found to bind in the same overall configuration, as reported
previously.11 A series of omit Fo−Fc and 2Fo−Fc nuclear density
maps reveals the positions of the two exchangeable D atoms of
AZM (Figure 2), information not obtainable from the X-ray
data alone.
Neutron diffraction gives an advantage over conventional X-

ray diffraction techniques in that even at medium resolution
(1.5−2.0 Å), it is the only direct method available for
unambiguously visualizing H (or D) atomic positions.
Neutrons scattering off atomic nuclei lead to H/D atoms
being as visible as heavier N, C, or O atoms. In contrast, X-ray
diffraction occurs from the electron cloud making it very
challenging to observe light H/D atoms with any confidence. A
systematic study by Gardberg et al. carried out on a limited set
of X-ray and neutron structures revealed a trend that at
subatomic resolution (∼1 Å), only a fraction of H atoms are
observed in electron density maps. This is in dramatic contrast
to the case for nuclear density maps where almost all H/D
atoms are observed at medium resolution.15

The joint X-ray and neutron structure refinement approach
exploits the strengths of each technique: the use of X-ray data
to refine “heavy” (non-H) atoms in proteins and complement-
ing this with neutron data to refine “light” (H/D) atoms
(Figure 2).16 Highly complementary joint X-ray and neutron
studies give very accurate and elusive details regarding H-
bonding, solvent molecule orientation, and the protonation
states of residues.17,18

The neutron structure reported here clearly shows the
charged state of AZM as well as H-bonding between HCA II
and AZM, information not obtainable from numerous high-
resolution X-ray studies (Figure 2).11,19

Omit Fo−Fc nuclear density maps calculated without the two
exchanged D atomsone each on the acetoamido and
sulfonamido groupsclearly revealed that AZM was in the
anionic form, with the negatively charged sulfonamido group
coordinated to the zinc (form 3 in Figure 1; also Figures 2 and
3).

Four H-bonded waters are displaced upon AZM binding
(waters S1−4; Figure S1).17 It was noted that these waters
serve as a chemical template for where the AZM binds, in that
the O of the waters superimpose with the N and S atoms of
AZM.

Figure 1. Ionization and pKa of AZM in water. These different charged
states represent the relevant forms that may bind HCA II under
physiological conditions. Figure was drawn with ChemDraw (Perkin-
Elmer) and adapted from Supuran and Winum, 2009.10

Figure 2. Stick representation of AZM bound to HCA II. Zinc is
shown as a magenta sphere, D atoms are in cyan (indicated by arrows),
and H atoms in white (positions calculated). The nuclear density map
is shown in yellow and is contoured at 1.5 σ, and the electron density
map is shown in blue and is contoured at 2.0 σ.

Figure 3. Stick representation of the neutron structure of the active
site of HCA II:AZM (PDB ID 4g0c). Amino acid residues and waters
are as labeled; zinc is shown as a magenta sphere; exchanged D atoms
are shown in cyan; and unexchanged H atoms in AZM are in white. H-
bonds as observed in the nuclear maps are indicated by dashed lines
with distances as indicated.
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sulfonamido groupsclearly revealed that AZM was in the
anionic form, with the negatively charged sulfonamido group
coordinated to the zinc (form 3 in Figure 1; also Figures 2 and
3).

Four H-bonded waters are displaced upon AZM binding
(waters S1−4; Figure S1).17 It was noted that these waters
serve as a chemical template for where the AZM binds, in that
the O of the waters superimpose with the N and S atoms of
AZM.
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states represent the relevant forms that may bind HCA II under
physiological conditions. Figure was drawn with ChemDraw (Perkin-
Elmer) and adapted from Supuran and Winum, 2009.10

Figure 2. Stick representation of AZM bound to HCA II. Zinc is
shown as a magenta sphere, D atoms are in cyan (indicated by arrows),
and H atoms in white (positions calculated). The nuclear density map
is shown in yellow and is contoured at 1.5 σ, and the electron density
map is shown in blue and is contoured at 2.0 σ.

Figure 3. Stick representation of the neutron structure of the active
site of HCA II:AZM (PDB ID 4g0c). Amino acid residues and waters
are as labeled; zinc is shown as a magenta sphere; exchanged D atoms
are shown in cyan; and unexchanged H atoms in AZM are in white. H-
bonds as observed in the nuclear maps are indicated by dashed lines
with distances as indicated.
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The 1.1 Å, ultrahigh resolution neutron structure of hydrogen/
deuterium (H/D) exchanged crambin is reported. Two hundred
ninety-nine out of 315, or 94.9%, of the hydrogen atom positions
in the protein have been experimentally derived and resolved
through nuclear density maps. A number of unconventional inter-
actions are clearly defined, including a potential O─H…π interac-
tion between a water molecule and the aromatic ring of residue
Y44, as well as a number of potential C─H…O hydrogen bonds.
Hydrogen bonding networks that are ambiguous in the 0.85 Å
ultrahigh resolution X-ray structure can be resolved by accurate
orientation of water molecules. Furthermore, the high resolution
of the reported structure has allowed for the anisotropic descrip-
tion of 36 deuterium atoms in the protein. The visibility of hydro-
gen and deuterium atoms in the nuclear density maps is discussed
in relation to the resolution of the neutron data.

hydrogen/deuterium exchange ∣ neutron structure ∣ PDB 4FC1 ∣ crystal ∣
solvent

Approximately one-half of all atoms in a protein are hydrogen
(H) atoms. H atoms play a variety of critical roles in proteins,

including hydrogen bonding, electrostatic interactions, and
catalysis. Unfortunately, H atoms are difficult to visualize in a
three-dimensional context, and for the vast majority of crystal
structures, their locations are inferred from the position of their
neighboring heavy atom (C, N, O, S). These locations are based
on atomic positions in databases of previously solved structures,
general chemical knowledge, quantum mechanical calculations,
or potential hydrogen bonding interactions. X-ray crystallography
has the potential to reveal the positions of H atoms at ultrahigh
resolution, typically at 1.0 Å resolution or better, from Fo-Fc
difference electron density maps. In practice, however, even in
the highest resolution macromolecular X-ray structures, only a
limited number of H atom positions are experimentally deter-
mined, typically in well-ordered (i.e., low B factor) regions at
the core of proteins (1).

Neutron crystallography, on the other hand, has the ability to
resolve individual H atoms, even at medium resolution of around
2 Å due to the unique scattering properties of the H isotopes (2).
The coherent neutron scattering length of deuterium (2H or D,
þ6.67 fm) is comparable to that of heavier atoms in proteins such
as C, N, and O, whereas the light 1H isotope has a negative scat-
tering length of −3.74 fm. The scattering properties of H and D
allow for the accurate placement of these atoms in small molecule
and macromolecular structures, in contrast to X-rays, where the
single electron and proximity to heavier atoms make H atoms
difficult to resolve. Moreover, the scattering characteristics of
D have useful applications in neutron macromolecular crystallo-
graphy, such as determining protonation states of active site re-
sidues in enzymes and establishing the identities and orientation
of solvent molecules (3–15). Neutron diffraction has also been
useful for determining orientations of methyl rotors and probing
the energy barrier to rotation about a chemical bond (16, 17). By
exchanging labile hydrogens in the amide backbone with deuter-

ium, the relative populations of H and D in the main chain can
be used as a sensitive probe of dynamics and breathing motion in
proteins (18).

By analogy with high resolution X-ray crystallography, higher
resolution neutron data can provide the positions of individual
atoms, including Hs and Ds, that are determined to greater
accuracy and precision than at lower resolutions. In addition to
a more precise structure, the data-to-parameter ratio would be
sufficient for refinement of anisotropic atomic displacement
parameters (ADPs). Refining anisotropic ADPs potentially pro-
vides insight into asymmetric, vibrational, and librational motions
of atoms, and has been useful in visualizing the dynamic proper-
ties of proteins in crystal structures. However, it is also important
to take into account that anisotropic ADPs may also partially
reflect the static disorder of atomic groups. Anisotropic ADP
analysis is limited to the heavier atoms in proteins in X-ray struc-
tures, due to the weak scattering of X-rays by H atoms. The
unique neutron scattering properties of D atoms make it possible
to refine anisotropic ADPs for selected D atoms when high re-
solution neutron diffraction data are available.

Very few macromolecular crystals diffract X-rays beyond 1.0 Å
resolution. Less than 0.7% of the X-ray structures in the Protein
Data Bank (PDB; 493 structures out of 73,000 entries) are
reported at ultrahigh resolution. We initially identified and
screened a number of candidate proteins that could potentially
provide crystals that diffract neutrons to ultrahigh resolution.
After taking into account practical factors such as protein pre-
paration, yield, and crystal symmetry, we chose to work with the
small hydrophobic protein crambin (46 a.a., 4.7 kDa). The pro-
tein contains a mix of β-strand and α-helical regions (Fig. 1A) and
forms exceptionally well-ordered crystals that diffract X-rays to
0.48 Å resolution using synchrotron radiation (19, 20). At that
resolution, exquisitely detailed features relating to chemical
bonding and deformation electron density can be seen, and it is
possible to do charge density refinement (21). A lower resolution,
1.5 Å neutron dataset was collected on crambin in the early 1980s
(22). We have measured neutron diffraction data from a crystal
of crambin to ultrahigh resolution of 1.1 Å. This is the highest
resolution neutron structure of a protein to date and allowed us
to refine anisotropic ADPs of many atoms. Based on our refined
structure we report here the anisotropic vibrational behavior of
individual D atoms in a protein. The data quality has allowed us
to visualize nearly all H and D atoms within the protein and to
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The 1.1 Å, ultrahigh resolution neutron structure of hydrogen/
deuterium (H/D) exchanged crambin is reported. Two hundred
ninety-nine out of 315, or 94.9%, of the hydrogen atom positions
in the protein have been experimentally derived and resolved
through nuclear density maps. A number of unconventional inter-
actions are clearly defined, including a potential O─H…π interac-
tion between a water molecule and the aromatic ring of residue
Y44, as well as a number of potential C─H…O hydrogen bonds.
Hydrogen bonding networks that are ambiguous in the 0.85 Å
ultrahigh resolution X-ray structure can be resolved by accurate
orientation of water molecules. Furthermore, the high resolution
of the reported structure has allowed for the anisotropic descrip-
tion of 36 deuterium atoms in the protein. The visibility of hydro-
gen and deuterium atoms in the nuclear density maps is discussed
in relation to the resolution of the neutron data.
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Approximately one-half of all atoms in a protein are hydrogen
(H) atoms. H atoms play a variety of critical roles in proteins,

including hydrogen bonding, electrostatic interactions, and
catalysis. Unfortunately, H atoms are difficult to visualize in a
three-dimensional context, and for the vast majority of crystal
structures, their locations are inferred from the position of their
neighboring heavy atom (C, N, O, S). These locations are based
on atomic positions in databases of previously solved structures,
general chemical knowledge, quantum mechanical calculations,
or potential hydrogen bonding interactions. X-ray crystallography
has the potential to reveal the positions of H atoms at ultrahigh
resolution, typically at 1.0 Å resolution or better, from Fo-Fc
difference electron density maps. In practice, however, even in
the highest resolution macromolecular X-ray structures, only a
limited number of H atom positions are experimentally deter-
mined, typically in well-ordered (i.e., low B factor) regions at
the core of proteins (1).

Neutron crystallography, on the other hand, has the ability to
resolve individual H atoms, even at medium resolution of around
2 Å due to the unique scattering properties of the H isotopes (2).
The coherent neutron scattering length of deuterium (2H or D,
þ6.67 fm) is comparable to that of heavier atoms in proteins such
as C, N, and O, whereas the light 1H isotope has a negative scat-
tering length of −3.74 fm. The scattering properties of H and D
allow for the accurate placement of these atoms in small molecule
and macromolecular structures, in contrast to X-rays, where the
single electron and proximity to heavier atoms make H atoms
difficult to resolve. Moreover, the scattering characteristics of
D have useful applications in neutron macromolecular crystallo-
graphy, such as determining protonation states of active site re-
sidues in enzymes and establishing the identities and orientation
of solvent molecules (3–15). Neutron diffraction has also been
useful for determining orientations of methyl rotors and probing
the energy barrier to rotation about a chemical bond (16, 17). By
exchanging labile hydrogens in the amide backbone with deuter-

ium, the relative populations of H and D in the main chain can
be used as a sensitive probe of dynamics and breathing motion in
proteins (18).

By analogy with high resolution X-ray crystallography, higher
resolution neutron data can provide the positions of individual
atoms, including Hs and Ds, that are determined to greater
accuracy and precision than at lower resolutions. In addition to
a more precise structure, the data-to-parameter ratio would be
sufficient for refinement of anisotropic atomic displacement
parameters (ADPs). Refining anisotropic ADPs potentially pro-
vides insight into asymmetric, vibrational, and librational motions
of atoms, and has been useful in visualizing the dynamic proper-
ties of proteins in crystal structures. However, it is also important
to take into account that anisotropic ADPs may also partially
reflect the static disorder of atomic groups. Anisotropic ADP
analysis is limited to the heavier atoms in proteins in X-ray struc-
tures, due to the weak scattering of X-rays by H atoms. The
unique neutron scattering properties of D atoms make it possible
to refine anisotropic ADPs for selected D atoms when high re-
solution neutron diffraction data are available.

Very few macromolecular crystals diffract X-rays beyond 1.0 Å
resolution. Less than 0.7% of the X-ray structures in the Protein
Data Bank (PDB; 493 structures out of 73,000 entries) are
reported at ultrahigh resolution. We initially identified and
screened a number of candidate proteins that could potentially
provide crystals that diffract neutrons to ultrahigh resolution.
After taking into account practical factors such as protein pre-
paration, yield, and crystal symmetry, we chose to work with the
small hydrophobic protein crambin (46 a.a., 4.7 kDa). The pro-
tein contains a mix of β-strand and α-helical regions (Fig. 1A) and
forms exceptionally well-ordered crystals that diffract X-rays to
0.48 Å resolution using synchrotron radiation (19, 20). At that
resolution, exquisitely detailed features relating to chemical
bonding and deformation electron density can be seen, and it is
possible to do charge density refinement (21). A lower resolution,
1.5 Å neutron dataset was collected on crambin in the early 1980s
(22). We have measured neutron diffraction data from a crystal
of crambin to ultrahigh resolution of 1.1 Å. This is the highest
resolution neutron structure of a protein to date and allowed us
to refine anisotropic ADPs of many atoms. Based on our refined
structure we report here the anisotropic vibrational behavior of
individual D atoms in a protein. The data quality has allowed us
to visualize nearly all H and D atoms within the protein and to
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T30 is fully exchanged, despite being solvent inaccessible and
surrounded by mobile but unexchanged H atoms. The hydroxyl
oxygen of T30 accepts an H bond from an unexchanged backbone
amide H of C32. The H/D exchange of the T30 side chain may
be explained by global protein breathing motions, the ability of
water to interact with the hydroxyl group, or by periodic side
chain rotation.

Negative 2Fo-Fc nuclear density maps show that the α H
atoms of G31 (and a lesser extent G37) appear to be nonequiva-
lent, suggesting that one of them could be partially exchanged
with D (Fig. 4B). The refined B factor of fully occupied HA1
was 13.3 Å2, compared to 7.6 Å2 for HA2, and 7.3 Å2 for the
α carbon, with much weaker negative nuclear density than ex-
pected for a fully occupied H atom. This indicated that perhaps
a stronger positive scatterer co-occupied the HA1 position, such
as a D atom. We placed a partially occupied D at the HA1 posi-
tion and then refined the relative H/D occupancies. The H/D
occupancies of the site refined to around 80%∕20%, with similar
B factors, 7.4∕8.5 Å2, respectively. This is consistent with no visi-
ble positive nuclear density that would be expected at a higher D
occupancy. Because the glycine residues are fixed in conforma-
tion and should a priori have similar peaks and B factors for the
H atoms, this unusual situation in G31 may be attributed to par-
tial H/D exchange. Glycine, due to the lack of a side chain, is a
considerably stronger carbon acid than the other amino acids
(pKa for Cα approximately 22), and the elevated rate of H/D ex-
change could be attributed to the chemical environment of G31.
The side chain hydroxyl groups on serine and threonine residues
have a similar pKa (approximately 18–20) and are found to be
fully exchanged in this structure, including nearby residue T30.
This observation strengthens the theory that backbone α hydro-
gens can act as H bond donors in unconventional C─H…O in-
teractions and participate in chemical exchange. Additional mass
spectroscopy and NMR experiments will be necessary to thor-
oughly investigate and corroborate these observations.

We also note a set of potential Cα─H…O hydrogen bonds in
the β strand region of the protein, between the carbonyl oxygen
of T1 to the α H of I34 (2.51 Å), the oxygen of I33 to the α H
of T2 (2.42 Å), and the oxygen of C3 to the α H of C32 (2.81 Å)
(Fig. S2). This is in agreement with extensive computational
evidence to the existence of and the role of the relatively weak
Cα─H…O hydrogen bonds in stabilizing protein secondary and
tertiary structure (30). Although it is difficult to verify this inter-
action experimentally, computational studies and analysis of
structures in the PDB suggest that these H bonds contribute
significantly to the repertoire of stabilizing interactions within a
protein. Our observation of possible partial exchange in G31 also
complements a number of earlier reports of partial C-H exchange
in neutron structures (31, 32).

Hydrogen Bonding and Resolving Hydrogen Bond Networks. Together
with the hydrophobic effect, H bonds are one of the primary
interactions contributing to the formation of secondary and
tertiary structural motifs and are crucial for protein–ligand recog-
nition. For almost all X-ray crystal structures, including those
solved at atomic resolution, H bonds are normally inferred from
the heavy atom positions of the donor–acceptor pair, and their
distances. In our structure, H atom positions have been experi-
mentally determined, and the high resolution of the neutron dif-
fraction data and the accuracy of the model allow us to analyze
the observed H bonds within the protein and the water network in
more detail.

Out of the 124 conventional H bonds tabulated, 91 of them fall
within the 1.5–2.2 Å range of D-to-acceptor distances for medium
strength H bonds; the remaining 33 are 2.2 Å or longer, and are
probably weak (Fig. S3). The two α helices in crambin have dif-
ferent hydrogen bonding characteristics; residues in the first helix
(residues 6–18) have intrahelical H bond distances averaging

2.09 Å, whereas those in the second helix (residues 22–27) have
somewhat longer H bonds averaging 2.19 Å. Therefore, even
within a regular secondary structure such as an α helix, there are
systematic differences that reflect on the relative stability of the
structure. In the case of crambin, the second helix appears to be
more mobile, with higher average B factors and residues showing
a slightly greater degree of amide backbone H/D exchange. The
donor-H… acceptor angles average 153.5° (Fig. S4), more linear
than the average for intrachain H bonds in proteins, 151.7° (33).
The average angle between the carboxyl/carbonyl group and
the H bond donor is 134.9°, comparable to the average angle of
136.4° within proteins (33) (Fig. S5). For the Cα─H…O hydrogen
bonds, the donor-H… acceptor angles average 135.9° (Fig. S4),
and generally have longer H…O distances, averaging 2.80 Å, con-
sistent with a weaker interaction (Fig. S3).

X-ray structures often give ambiguous information about the
position and orientation of H atoms, especially for water mole-
cules, even at ultrahigh resolution. In the crambin structure, an
extensive network of water molecules contributes to a crystal
contact near E23 and A24. The electron density maps and dis-
tances between the water oxygens suggest a variety of potential
hydrogen bonding interactions for W1022, including symmetry-
related W1007 (3.36 Å O…O distance), W1023 (2.79 Å), W1024
(3.00 Å), and W1026 (3.59 Å), in addition to the backbone amide
H of E23 (3.04 Å) (Fig. 5A). The network of hydrogen bonding
is clarified in the 1.1 Å nuclear density map, which shows that
W1022 is oriented to donate an H bond to W1023, in addition
to accepting an H bond from the backbone amide of E23 but
does not interact with W1007, W1024, or W1026 (Fig. 5B).

Fig. 5. Resolving a hydrogen bond network. (A) 0.85 Å X-ray electron
density map showing potential H bond partners for W1022. (B) 1.1 Å nuclear
density map showing that W1022 interacts with W1023, but not W1007,
W1024, or W1026. (C) Hydration environment around Y44. A potential
O─D…π interaction is highlighted involving W1023. Distances are indicated
in Å.
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T30 is fully exchanged, despite being solvent inaccessible and
surrounded by mobile but unexchanged H atoms. The hydroxyl
oxygen of T30 accepts an H bond from an unexchanged backbone
amide H of C32. The H/D exchange of the T30 side chain may
be explained by global protein breathing motions, the ability of
water to interact with the hydroxyl group, or by periodic side
chain rotation.

Negative 2Fo-Fc nuclear density maps show that the α H
atoms of G31 (and a lesser extent G37) appear to be nonequiva-
lent, suggesting that one of them could be partially exchanged
with D (Fig. 4B). The refined B factor of fully occupied HA1
was 13.3 Å2, compared to 7.6 Å2 for HA2, and 7.3 Å2 for the
α carbon, with much weaker negative nuclear density than ex-
pected for a fully occupied H atom. This indicated that perhaps
a stronger positive scatterer co-occupied the HA1 position, such
as a D atom. We placed a partially occupied D at the HA1 posi-
tion and then refined the relative H/D occupancies. The H/D
occupancies of the site refined to around 80%∕20%, with similar
B factors, 7.4∕8.5 Å2, respectively. This is consistent with no visi-
ble positive nuclear density that would be expected at a higher D
occupancy. Because the glycine residues are fixed in conforma-
tion and should a priori have similar peaks and B factors for the
H atoms, this unusual situation in G31 may be attributed to par-
tial H/D exchange. Glycine, due to the lack of a side chain, is a
considerably stronger carbon acid than the other amino acids
(pKa for Cα approximately 22), and the elevated rate of H/D ex-
change could be attributed to the chemical environment of G31.
The side chain hydroxyl groups on serine and threonine residues
have a similar pKa (approximately 18–20) and are found to be
fully exchanged in this structure, including nearby residue T30.
This observation strengthens the theory that backbone α hydro-
gens can act as H bond donors in unconventional C─H…O in-
teractions and participate in chemical exchange. Additional mass
spectroscopy and NMR experiments will be necessary to thor-
oughly investigate and corroborate these observations.

We also note a set of potential Cα─H…O hydrogen bonds in
the β strand region of the protein, between the carbonyl oxygen
of T1 to the α H of I34 (2.51 Å), the oxygen of I33 to the α H
of T2 (2.42 Å), and the oxygen of C3 to the α H of C32 (2.81 Å)
(Fig. S2). This is in agreement with extensive computational
evidence to the existence of and the role of the relatively weak
Cα─H…O hydrogen bonds in stabilizing protein secondary and
tertiary structure (30). Although it is difficult to verify this inter-
action experimentally, computational studies and analysis of
structures in the PDB suggest that these H bonds contribute
significantly to the repertoire of stabilizing interactions within a
protein. Our observation of possible partial exchange in G31 also
complements a number of earlier reports of partial C-H exchange
in neutron structures (31, 32).

Hydrogen Bonding and Resolving Hydrogen Bond Networks. Together
with the hydrophobic effect, H bonds are one of the primary
interactions contributing to the formation of secondary and
tertiary structural motifs and are crucial for protein–ligand recog-
nition. For almost all X-ray crystal structures, including those
solved at atomic resolution, H bonds are normally inferred from
the heavy atom positions of the donor–acceptor pair, and their
distances. In our structure, H atom positions have been experi-
mentally determined, and the high resolution of the neutron dif-
fraction data and the accuracy of the model allow us to analyze
the observed H bonds within the protein and the water network in
more detail.

Out of the 124 conventional H bonds tabulated, 91 of them fall
within the 1.5–2.2 Å range of D-to-acceptor distances for medium
strength H bonds; the remaining 33 are 2.2 Å or longer, and are
probably weak (Fig. S3). The two α helices in crambin have dif-
ferent hydrogen bonding characteristics; residues in the first helix
(residues 6–18) have intrahelical H bond distances averaging

2.09 Å, whereas those in the second helix (residues 22–27) have
somewhat longer H bonds averaging 2.19 Å. Therefore, even
within a regular secondary structure such as an α helix, there are
systematic differences that reflect on the relative stability of the
structure. In the case of crambin, the second helix appears to be
more mobile, with higher average B factors and residues showing
a slightly greater degree of amide backbone H/D exchange. The
donor-H… acceptor angles average 153.5° (Fig. S4), more linear
than the average for intrachain H bonds in proteins, 151.7° (33).
The average angle between the carboxyl/carbonyl group and
the H bond donor is 134.9°, comparable to the average angle of
136.4° within proteins (33) (Fig. S5). For the Cα─H…O hydrogen
bonds, the donor-H… acceptor angles average 135.9° (Fig. S4),
and generally have longer H…O distances, averaging 2.80 Å, con-
sistent with a weaker interaction (Fig. S3).

X-ray structures often give ambiguous information about the
position and orientation of H atoms, especially for water mole-
cules, even at ultrahigh resolution. In the crambin structure, an
extensive network of water molecules contributes to a crystal
contact near E23 and A24. The electron density maps and dis-
tances between the water oxygens suggest a variety of potential
hydrogen bonding interactions for W1022, including symmetry-
related W1007 (3.36 Å O…O distance), W1023 (2.79 Å), W1024
(3.00 Å), and W1026 (3.59 Å), in addition to the backbone amide
H of E23 (3.04 Å) (Fig. 5A). The network of hydrogen bonding
is clarified in the 1.1 Å nuclear density map, which shows that
W1022 is oriented to donate an H bond to W1023, in addition
to accepting an H bond from the backbone amide of E23 but
does not interact with W1007, W1024, or W1026 (Fig. 5B).

Fig. 5. Resolving a hydrogen bond network. (A) 0.85 Å X-ray electron
density map showing potential H bond partners for W1022. (B) 1.1 Å nuclear
density map showing that W1022 interacts with W1023, but not W1007,
W1024, or W1026. (C) Hydration environment around Y44. A potential
O─D…π interaction is highlighted involving W1023. Distances are indicated
in Å.
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T30 is fully exchanged, despite being solvent inaccessible and
surrounded by mobile but unexchanged H atoms. The hydroxyl
oxygen of T30 accepts an H bond from an unexchanged backbone
amide H of C32. The H/D exchange of the T30 side chain may
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water to interact with the hydroxyl group, or by periodic side
chain rotation.
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interactions contributing to the formation of secondary and
tertiary structural motifs and are crucial for protein–ligand recog-
nition. For almost all X-ray crystal structures, including those
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the observed H bonds within the protein and the water network in
more detail.
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systematic differences that reflect on the relative stability of the
structure. In the case of crambin, the second helix appears to be
more mobile, with higher average B factors and residues showing
a slightly greater degree of amide backbone H/D exchange. The
donor-H… acceptor angles average 153.5° (Fig. S4), more linear
than the average for intrachain H bonds in proteins, 151.7° (33).
The average angle between the carboxyl/carbonyl group and
the H bond donor is 134.9°, comparable to the average angle of
136.4° within proteins (33) (Fig. S5). For the Cα─H…O hydrogen
bonds, the donor-H… acceptor angles average 135.9° (Fig. S4),
and generally have longer H…O distances, averaging 2.80 Å, con-
sistent with a weaker interaction (Fig. S3).

X-ray structures often give ambiguous information about the
position and orientation of H atoms, especially for water mole-
cules, even at ultrahigh resolution. In the crambin structure, an
extensive network of water molecules contributes to a crystal
contact near E23 and A24. The electron density maps and dis-
tances between the water oxygens suggest a variety of potential
hydrogen bonding interactions for W1022, including symmetry-
related W1007 (3.36 Å O…O distance), W1023 (2.79 Å), W1024
(3.00 Å), and W1026 (3.59 Å), in addition to the backbone amide
H of E23 (3.04 Å) (Fig. 5A). The network of hydrogen bonding
is clarified in the 1.1 Å nuclear density map, which shows that
W1022 is oriented to donate an H bond to W1023, in addition
to accepting an H bond from the backbone amide of E23 but
does not interact with W1007, W1024, or W1026 (Fig. 5B).

Fig. 5. Resolving a hydrogen bond network. (A) 0.85 Å X-ray electron
density map showing potential H bond partners for W1022. (B) 1.1 Å nuclear
density map showing that W1022 interacts with W1023, but not W1007,
W1024, or W1026. (C) Hydration environment around Y44. A potential
O─D…π interaction is highlighted involving W1023. Distances are indicated
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